Non-Hodgkin lymphoma (NHL) is a heterogeneous and highly disseminated disease, but the mechanisms of its growth and dissemination are not well understood. Using a mouse model of this disease, we used multimodal imaging, including intravital microscopy (IVM) combined with bioluminescence, as a powerful tool to better elucidate NHL progression. We injected enhanced green fluorescent protein and luciferaseexpressing Em-Myc/Arf
Introduction
Human non-Hodgkin lymphoma (NHL) is a heterogeneous and highly disseminated disease that includes very aggressive subtypes that display explosive growth, such as Burkitt's lymphoma (1) . The mechanisms and microscale details of lymphoma growth and dissemination are not yet well understood. Yet such knowledge could greatly improve strategies for early detection and management of patients with lymphoma. Reliable approaches for longitudinal monitoring of lymph nodes in animal models are thus critical to help elucidate biologic phenomena occurring in lymph nodes.
To directly address the mechanisms of lymphoma progression, we focused on the murine inguinal lymph node (ILN) and imaged cancer progression using intravital microscopy (IVM) combined with bioluminescence imaging in living mice. We used the Em-myc transgenic mouse model, which expresses the Myc oncogene in the B-cell compartment, resulting in mice with transplantable lymphomas. This orthotopic mouse lymphoma model was chosen because it captures critical genetic and pathologic features of the human disease (2, 3) . IVM has long been a useful tool to address unknown biologic mechanisms in diverse fields including immunology (4) (5) (6) , cancer biology (7) (8) (9) (10) (11) , nanoparticle delivery (12) (13) (14) , drug discovery (15) , and biomarker research (16) , and so on in animal models. Although lymph nodes have been imaged in mice using IVM for over a decade (17, 18) , current techniques to directly and chronically image a lymph node microscopically are still lacking. Because of the lack of a chronic microscale lymph node imaging technique reported in the literature, we established one for the serial visualization of lymphoma development under physiologic conditions and combined it with bioluminescence imaging to reveal the mechanisms by which lymphoma actually forms.
Normal lymphocyte trafficking is essential for the regulation of systemic immune processes, as well as lymphocyte differentiation and development. Most mature lymphocytes recirculate continuously from blood to tissue and back to the blood again (19) . This recirculation is regulated by lymphocyte-endothelial interactions mediated by adhesion molecules (e.g., L-selectin, CD44, integrin, VLA-4, LFA-1) and select chemokines (20, 21) . Such interactions may be maintained in lymphoma trafficking patterns; it is believed that unlike the metastasis of other cancers, lymphoma dissemination likely reflects conserved physiologic behavior-normal lymphocyte homing and recirculation molecules have been implicated in lymphoma dissemination and invasion (20, 21) . However, the precise mechanisms and time frame of lymphoma trafficking are not well understood. Improved methods and targets for detection and therapy for the disease could likely result from understanding the time course and mechanisms (20, 21) , particularly unpredictable characteristics of disease that diverge from normal trafficking patterns.
In this study, we developed a novel lymph node internal window chamber (LNIWC) and with bioluminescence examined lymphoma growth and dissemination in spatial and temporal detail. We made surprising observations that seem to constitute processes distinct from normal lymphocyte homing patterns: for instance, within a 12-hr period identified via chronic serial imaging, we reproducibly observed a large, rapid efflux from the bone marrow and spleen, with a concomitant influx of lymphoma cells into the ILN region.
Materials and Methods

Cell culture
Em-myc/Arf À/À lymphoma cells that harbor loss-of-function regions in the Arf gene were derived by intercrossing Em-myc transgenic mice with Arf-null mice, all in the C57BL/6 background as described previously (2 Murine lymphoma model C57BL/6 mice were purchased from Charles River Laboratories (Wilmington, MA). All animal studies were approved by The Stanford University Institutional Animal Care and Use Committee. A total of 1 Â 10 6 EL-Arf À/À Lymphoma cells were diluted with 200 mL of PBS and injected intravenously via the tail vein as described (2) . Control mice were injected with 200 mL of PBS.
Internal window chamber implantation Animals were anesthetized with isoflurane, hair was removed from mice using hair clippers and depilatory cream. An incision was made on the peritoneal skin and the left ILN was located on the internal side of the mouse skin by reference to the intersection of 3 large blood vessels on the interior after the tissue has been opened (see Fig. 1C ). From the interior, our ) were tail-vein injected into C57BL/6 mice. LNIWC imaging was separated into 2 groups: group I was focused on from day 0 to 10, and for group II from day 11 to 17. This was done because of the limitation of repeatedly opening the staples up to 6 to 7 times in the same mouse. N ¼ 7 mice were imaged with IVM in each group in 6 independent experiments. B, tumor development in the ILN. Symbols represent the means of ILN volumes determined by N ¼ 3 to 7 animals for each point. Bars, SEM; Ã , P < 0.05. C, representative images of the ILN on days 7, 14, and 21 postinjection.
custom-made titanium frames were placed onto the ILN region and fixed in place using surgical sutures (Blue Polypropylene, 5-0, FS-2; Med Rep Express). Thus, this window chamber resides within the living animal with tissues above and surrounding it in this novel strategy. The skin was closed with surgical staples (Braintree Scientific, Inc.). The details of the surgical procedure can be viewed online (Supplementary Movie S1).
Intravital microscopy
Images were collected with an intravital laser-scanning microscope (IV-100; Olympus Corporation) using Olympus UplanFL objectives and Olympus FluoView FV300 version 4.3 software. ImageJ (NIH) and Olympus software was used for image processing. Regions of the lymph nodes were excited with a set of lasers at 488 and 748 nm to detect EL-Arf À/À lymphoma cells and outline the blood vessels. The details can be found in the Supplementary Methods.
Bioluminescence imaging
For bioluminescence imaging, 0.2 mL of 15 mg/mL D-luciferin (Biosynth AG) was injected intraperitoneally into C57BL/6 mice under 1% to 2% inhaled isoflurane anesthesia. Bioluminescence signal was monitored using the IVIS system 200 series (Xenogen), consisting of a highly sensitive, cooled chargecoupled device camera. Living Image software (Xenogen) was used to grid the imaging data and integrate the total bioluminescence signal in each region-of-interest (ROI). All bioluminescence images were acquired with a 1 second exposure. Data were analyzed using total photon flux emission (photons/ second) in the ROIs. Data were normalized using the background signal.
Analysis of enhanced green fluorescent protein positive cells
To assess enhanced green fluorescent protein (EGFP)þ cells in murine tissues, the bone marrow, ILN, and spleen were isolated from C57BL/6 mice on day 7 and 14 after EL-Arf À/À cell inoculation. All tissues were minced and filtered with a 100 mm cell strainer (BD Falcon). The cells were analyzed by a FACScan flow cytometer (Becton Dickinson).
Statistical analysis
Results were expressed as mean AE SEM. An unpaired, 2-tailed Student t test was used to calculate P values (except for Fig. 2D , in which a Wilcoxon test was used). P values of 0.05 or less were considered statistically significant.
Results
Em-myc Arf À/À lymphoma mouse model
To image and analyze lymphoma development in detail, we applied a multimodal intravital fluorescence and bioluminescence imaging approach to an established lymphoma model (2) by transfecting a lentiviral vector containing firefly luciferase and EGFP sequences into the parental (Em-myc/Arf Fig. S1 ), which indicates that the reporter genes we inserted do not modify these lymphoma cell properties; furthermore, our results are consistent with results generated from the parental cell line (2, 22) . Previous studies on this lymphoma model have not elucidated tumor and angiogenesis development in the ILN. In initial experiments, we analyzed tumor development patterns using isosulfan blue to localize the lymph node and analyzed angiogenesis development using IVM. With IVM, we identified that microvascular number and circulating dye intensity was significantly higher in EL-Arf À/À lymphoma cell injected-mice compared with control mice from day 14 onward (Supplementary Fig. S2 ). Using macroscopic observation, we observed significant tumor development after day 14 compared with PBS-injected control mice (P < 0.05; Fig. 1B and C).
In the early-stage EL-Arf À/À lymphoma cells expand in the bone marrow and spleen but not ILN To understand cell proliferation patterns in mice at the whole-body level, we conducted frequent (daily) bioluminescence imaging on living mice (N ¼ 12 per group) after injection of either EL-Arf À/À cells or PBS. On day 7 (and earlier), we detected bioluminescence signal in the bone marrow and spleen but not in the ILN (Fig. 2A) . We conducted further analysis to validate our imaging results: we isolated the bone marrow, ILN, and spleen from mice 7 days after EL-Arf À/À lymphoma cell or PBS injection, then the EGFPþ cell population was analyzed using flow cytometry. We detected a significant number of EGFPþ cells in the bone marrow and spleen, but not in the ILN (Fig. 2B and C) . PCR data also showed that less than 100 EL-Arf À/À lymphoma cells (if any) are located in the ILN by day 3 (Fig. 2D) . Furthermore, we confirmed these results using ex vivo bioluminescence analysis on days 7 and 14 ( Supplementary Fig. S3 ). These data collectively indicate that EL-Arf À/À cells proliferated in both the bone marrow and the spleen, but not in the ILN in the early stage of cancer progression. Fig. S4 ). This result may reveal a dependence of the efflux on local cell concentration. Furthermore, even when injecting EL-Arf À/À lymphoma cells directly into the spleen (rather than via tail vein, so that no cells could have initially seeded the periphery), importantly we observed the same phenomenon: efflux from spleen and influx to ILN (Supplementary Fig. S5 ). These results strongly indicate that EL-Arf À/À lymphoma cells proliferate in the spleen and bone marrow, then flow out from these sites to the periphery. Importantly, we also observed the same efflux/influx phenomenon using a different lymphoma cell type (p53 Sudden, huge influx of the lymphoma cells into peripheral lymph node To sequentially image the genesis of lymphoma in the ILN at the microscale, we developed a novel LNIWC. It consisted of a titanium frame (9.0 mm diameter, 2.0 mm thickness, and 0.35 g). An incision was made on the peritoneal skin, and the ILN was located visually by the vascular pattern (Supplementary Movie S1). The LNIWC was then implanted over the ILN. The LNIWC was fixed in place with sutures and the peritoneal region was closed with surgical clips (Fig. 4A-C and Supplementary Movie S1). Surgical clips were removed and access to the window was obtained every time IVM was conducted, then the clips were replaced each time. This approach enables us to serially obtain IVM images for up to 2 weeks, and we validated the technique's use against 2 other methods for visualizing the ILN sequentially on the microscale (see Supplementary  Table S1 ). These 2 other methods are similar to techniques that have been used for imaging other abdominal organs, such as liver and other "body windows," but they suffered from difficulties due primarily to the unique challenges of serially imaging the lymph node in living subjects (as a result of the intimate vascular connections between lymph node and adjacent tissue, these techniques suffered from tissue adhesions and fibrosis, see Supplementary Information). We chose to use the LNIWC method in our experiments due to its ability to considerably decrease autofluorescence in serial imaging A B sessions and because it provided a fiduciary marker for us to consistently return to precisely the same sites to image them longitudinally (see Supplementary Information). We observed neither loss in body weight (P ¼ 0.67) nor any unusual mouse behavior throughout the observation period in both the LNIWC and non-LNIWC groups (Fig. 4E , Supplementary Movie S2). We were also able to observe macroscopic tumor growth in the LNIWC (Fig. 4F ). In accordance with our PCR and bioluminescence data, we were unable to detect EGFP-expressing cells in the ILN until day 9.1 after injection of the EL-Arf À/À cell group (N ¼ 7 mice) using IVM; however, we never detected EGFP signal from the control (PBS-injected) mice (N ¼ 4; Fig. 5A and B, Supplementary Fig. S7 ). We also observed the same reproducible phenomena in our other lymphoma model, the EL-p53 À/À injected mice, using IVM (Supplementary Fig. S8 ). Furthermore, using the LNIWC with IVM highresolution imaging, we observed a single circulating EL-Arf À/À lymphoma cell in the vasculature feeding the ILN on day 10 (Supplementary Movie S3), although we never observed tumor cells in vasculature on other days. This suggests that effluxed lymphoma cells likely reach and seed the periphery via blood circulation. Fluorescence-activated cell sorting (FACS) and PCR analyses validated that no tumor cells were present in ILN both 3 days and 1 week after EL-Arf À/À injection (Fig. 2B-D) . Because we were able to image the same mouse at the same site every 2 to 3 days, we observed a relatively sudden ELArf À/À cell influx into the ILN between day 8 to 10 postin- (Fig. 5B and C) . Therefore, the LNIWC, which has not been previously described for intravital imaging, enabled us to visualize the ILN longitudinally and observe the "burst effect" of cells into the ILN.
Efflux of EL-Arf
Using immunohistochemistry we then showed that after these cells arrive, the EL-Arf À/À lymphoma cells establish a rapidly proliferating tumor in the ILN (Supplementary Fig. S9 ). These results together indicate that EL-Arf À/À lymphoma cells flow out from the spleen/bone marrow to the periphery via the circulation in the middle stage and then proliferate to form a tumor in peripheral lymph nodes (including the ILN and superficial cervical lymph nodes, see Fig. 3 ). Furthermore, these results suggest the spleen must be somehow conditioned for efflux and underscore the use of multimodal IVM and bioluminescence imaging to visualize tumor cell trafficking in live mice.
Discussion
Malignant transformation of normal lymphocytes results in lymphoma, and many lymphoma subtypes migrate and disseminate. This dissemination may reflect conserved physiologic behavior unlike the metastasis of other cancers, considering that normal lymphocyte homing and recirculation molecules have been implicated in lymphoma dissemination and invasion. Because the time course and mechanisms of lymphoma trafficking are not well understood, we developed a multimodal imaging platform to sequentially image lymphoma cells; we combined a novel LNIWC technique for IVM with bioluminescence imaging to derive time course and basic mechanistic information on lymphoma development.
The LNIWC, which represents a modification of previous window chamber techniques (23) , was developed to obtain sequential images. The LNIWC method can be used to serially image (up to 2 weeks for 6-7 independent imaging sessions) the ILN to observe lymphoma progression in an orthotopic mouse lymphoma model under physiologic conditions. Critically, the method also enabled us to easily find and image the same location during each imaging session because of the ability to use the LNIWC as a spatial point-of-reference, including suture holes and the chamber itself for spatial orientation. To our knowledge, this technique enables the first instance of serial imaging of a lymph node in a living mouse.
Using multimodal (intravital/bioluminescence) imaging, we discovered a key, novel feature of the EL-Arf À/À lymphoma model: tumor cell initiation and expansion in the bone marrow and spleen, followed by a burst into peripheral lymph nodes and progression in the ILN. It is notable that this cell line is not unique in this respect-we observed that the EL-p53 À/À cell line also displayed a similar, reproducible pattern of efflux/ influx ( Supplementary Figs. S6 and S8 ), suggesting the mechanism we observed is not model dependent and is likely to be a more general feature of lymphoma dissemination. The insights achieved with these models could prove invaluable in understanding how different genetic alterations can influence migration of lymphoid cells to different lymphoid sites as these models are in many ways similar to human lymphoma (2, 3). We note that before this work, the lymph node tumors in these murine models were evaluated primarily via palpation and whole-body fluorescence imaging, which are not sensitive to low numbers of tumor cells and thus do not provide detailed information particularly at the earlier time points. Therefore, it was previously presumed that in the Em-myc lymphoma model tumors began forming within the lymph node immediately after the intravenous injection of cells (2) . Given the previous assumptions, we were initially surprised to find a lack of lymphoma cells in the ILN during the first approximately 9 days after injection using IVM. Our findings using the LNIWC, which were further validated by bioluminescence, FACS, and PCR analyses, collectively show that around day 9 tumor cells exit the spleen and bone marrow and at least some fraction of these cells very reproducibly and robustly reach the ILN. It was surprising to us that lymphoma cells do not gradually depart from the spleen and bone marrow into the ILN, but instead they arrive rapidly in a burst into the ILN. Although the murine lymphoma model differs in several aspects from human lymphoma, our preclinical findings do mirror distribution patterns in human lymphoma such as splenic marginal zone lymphoma and chronic lymphocytic leukemia in the later stages. Early in these diseases, lymphoma cells appear in the bone marrow and spleen, without significant peripheral node involvement. In later stages, lymphoma cells can often be found in other organs (24) (25) (26) (27) with increasing tumor burden and even after successful treatment, lymphoma cells may "reseed" the original lymph nodes/lymphoma (28) . This reseeding can critically accelerate tumor growth, angiogenesis, and the recruitment of stromal elements (28) . Our model may be applicable to these and other NHL, in which the bone marrow and spleen could serve as reservoirs for cells that seed and reseed recurrent sites of disease. Understanding the pattern and mechanisms of lymphoma progression could unlock new ways to detect and treat this disease. More generally, our model may help answer key questions about the interplay of host factors and microenvironment that allow malignant cells to home to, proliferate at, and exit from specific sites of disease in a wide range of hematologic and solid tumors. Therefore, with the advent of biologic therapies and immune modulation for treatment of cancer, understanding what triggers this efflux, and critically finding ways to delay or even stop it, may enable physicians to interfere with disease spreading, reseeding, or further metastasizing.
In conclusion, our multimodal intravital (LNIWC) and bioluminescence approach enabled us to explore how a lymphoma mass truly evolves within the lymph node; this led us to discover lymphoma cell efflux from the spleen and bone marrow and a concomitant influx into the ILN within a surprisingly short time period. This finding has implications for understanding and developing novel treatment regimens for human lymphoma and potentially other cancers.
